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Former researches provide evidence that invasive species could alter ecosystem’s
components, threaten native species and cause economic losses in southern forest lands. The
objective of the project is to explore significant driving factors and develop geospatial models for
monitoring, predicting and mapping the extent and conditions of major invasive species. In the
study area, 16 invasive species were classified into four groups: regionally spreading species,
regionally establishing species, locally spreading species and regionally colonizing species by
population size and spatial characteristics. According to local Moran’s I, spatial autocorrelation
existed in 16 invasive species. Autologistic model and simultaneous autoregressive model were
employed to explore the relationships between spatial distribution and a set of indentified
variables for Chinese privet, kudzu, Nepalese browntop and tallow tree at plot and county levels.
The project showed that human-caused disturbances and forest types were significantly related to
the spatial distribution of four invasive species in different scales.
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CHAPTER I
INTRODUCTION

Over 215 million forested acres, nearly 30% of the total forests in the United States, are
located in the South. Southern forests are characterized by diverse and rich species, valuable
genetic resources, as well as high productivity. Southern forests are experiencing increasingly
severe health problems such as invasion by non-native species, forest fragmentation, increased
wildfire risk, outbreak of insects and diseases which includes southern pine beetle and oak wilt
and decline, and also wildlife habitat loss (Britton et al. 2004, Nebeker 2004, Wilson et al. 2004).
Among these, the invasion, spread and establishment of non-native invasive species pose the
single most daunting threat in terms of economic loss for species control and mitigation and/or
long-term fundamental change of forest structure and functionality to southern forests compared
to all others combined (OTA 1993, NRC 2000). During the past century, thousands of non-native
species have been introduced, intentionally or accidentally, into all US ecosystems;
approximately 15% of them are very harmful and have a significantly negative impact to nearly
half of the endangered native species listed under the Federal Endangered Species Act and to a
certain degree threaten the integrity and health of our natural and managed ecosystems (OTA
1993, Wilcove et al. 1998). Currently about 650 non-native plant species are found in the
southern forests, and thirty-three of these species are potentially severe threats ( A) because of
their rapid spread, relatively large population size and/or negative impact on forest ecosystem
integrity and health and native species diversity (Evans et al. 2006). For instance, cogongrass
(Imperata cylindrical) and Japanese climbing fern (Lygodium japonicum) have plagued vast
1

coastal plains and piedmont areas, and have become a serious problem for landowners. They not
only compete with native species and degrade wildlife habitat quality, but create a severe fire
hazard in natural stands and timber plantations. Another species is Chinese tallow (Triadica
sebifera). About 185,000 acres of southern forests have been invaded by the tallow tree until now.
They specifically invade forest edges and openings in coastal prairies and coastal plains (Gan et
al. 2009). Moreover, the tallow tree is considered as a transformer species (Pysek et al. 2004)
because it can change natural soil conditions and create a transformation of community structure
from grassland to woodland (Bruce et al. 1995, Battaglia et al. 2009). Therefore, the tallow tree
has been identified as one of the most pervading and aggressive invasive species in southern
forests.
For invasive species research and management, it has been challenging to understand the
invasion process and associated driving factors, and design effective methods for controlling the
spread of invasive species and reducing ecological and economic loss. Quantities of researches
show that ecological determinants, socioeconomic factors and disturbances are often interrelated
and jointly affected the invasive process and distribution of invasive species.
Until now it is still a focus of invasive species’ research to explore relationship between a
variety of variables and the occurrence of invasive species. However, it is often ignored that the
effects of driving factors on invasive species vary with different temporal and spatial scales. For
example, utilitarian or aesthetic purposes of some invasive species can explain how invasive
species were introduced in the early stage, and site productivity may be responsible for extending
their invaded area and expanding their population in the medium or late stage of invasive process.
Another example is spatial autocorrelation or dependency. Scattered invasive species germinate,
grow and reproduce respectively and then they expand in radial form from their origin. In
addition, these subpopulations are gradually linked into larger community (Lewis and Kareiva
2

1993; Kot et al. 1996; Neubert and Cawell 2000; Hastings et al. 2005). Hence, the relationship
between the origin and the new destinations of invasive species in distance reflects the existence
of spatial dependency. As the infested areas are gradually expanding, more and more other
variables have greater influences on the invasion process. Meanwhile, the effect of these variables
may vary a lot during the spread of invasive species at different scales. Knight and Reich (2005)
found that the percent cover of R. cathartica was negatively related to species richness at the 1 m2
patch scale, but it had a positive influence on the cover area of R. cathartica at the landscape
scale. These relationship changes in different scales indicate the existence of scale-dependency in
the invasion process. In summary, it is essential to incorporate spatial dependency in evaluating
potential driving factors by invasion stage in different scales. For this study, the geospatial
models were employed to analyze association between variables across scales to predict spatial
distribution of invasive species in southern forest lands.
The specific objectives of the thesis are as follows to: 1) identify and quantify
geographical, ecological and socio-economic factors that affect the invasion,
establishment/reproduction and spread of major invasive species in southern forests; 2) develop
hierarchical geospatial models to monitor, predict and map the extent, spread rate and condition
of invasive species; and 3) assess the risk of forest ecosystems and landscapes under alternative
management activities.
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CHAPTER II
EXTENT AND CONDITION OF MAJOR INVASIVE SPECIES IN SOUTHERN FOREST
LANDS

Introduction
The invasion and spread of non-native invasive species in natural and managed
ecosystems are both a bio-ecological and geographical process with multiple factors and causes
playing and interacting with one another across different spatial and temporal scales. Accordingly,
the distribution of invasive species is non-stationary and varies dramatically in space and by
ecosystems. In addition to the biophysical and ecological factors (site productivity, slope, aspect,
stocking, forest type, ecoregion and so on), history and socio-economic factors (ownership,
distance to metropolitan area, resource management intensity and so on) have also been shown to
be significant determinants of invasive species incidence (King and Grace 2000, Hussain et al.
2008, Kuhman et al. 2010). Moreover, spatial scales play a key role in the invasion. For instance,
it has been often observed that the native and invasive species abundance takes a negative
relationship at fine scales (e.g. a stand), but roughly a positive relationship at broad scales (e.g. a
forest landscape) (Fridley et al. 2007). The aforementioned facts provide an unusual opportunity
for researchers to integrate a new class of geostatistical and biogeographical models and
techniques for invasive species mapping and risk assessment.
In chapter 2, a two-level (plot and county) invasive species mapping and risk assessment
were presented. Sixteen invasive species (Table 2.4) from the southern Forest Inventory and
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Analysis (FIA) database were included in the study. These invasive species have been reported to
have potentially severe threats to southern forests, either locally or regionally. The objective of
this chapter is to visualize and evaluate current condition and extent of these sixteen invasive
species for risk assessment in southern forests.

Methodology
Study Area
The study area covers southern forest lands in Alabama, Arkansas, Florida, Georgia,
Kentucky, Louisiana, North Carolina, South Carolina, Tennessee, eastern Texas and Virginia.
Roughly speaking, there are fifteen forest types (APPENDIX B) and ten ecoregions in province
level in Southern forest lands. Six of forest types are dominant with longleaf / slash pine group,
loblolly / shortleaf pine group, oak / pine group, oak / hickory group, oak / gum / cypress group,
and Elm / ash / cottonwood group (Figure 2.1).Two of ecoregions are widely distributed as
southeastern mixed forest province and outer coastal plain mixed forest province (Figure 2.2).

Sample Design
The invasive species data came from the USDA Forest Service’s Forest Inventory and
Analysis (FIA) database. The FIA program uses a 3-phase protocol to measure forest resource
condition.
In phase 1, photo points of aerial photographs and satellite imagery are used to determine
whether they are forest lands or not. Each photo point is selected for every 240 acres, and it is
defined as forest if the forest coverage reaches at least 10 percent.
In phase 2, a forested plot for each 6,000 acres is selected as a sampling plot, and each
sampling plot is divided into four circular subplots as measured areas where field collection
7

Figure 2.1

Figure 2.2

Forest types in southern forest

Types of ecoregions (provinces) in southern forest
8

activity occurs (Figure 2.3). Field data include: (1) tree diameter, length, damage, amount of
rotten or missing wood and tree quality; (2) tree regeneration; (3) site quality information; (4)
stocking; (5) general land use; (6) general stand characteristics such as forest type, stand age and
disturbance; (7) changes in land use and general stand characteristics; and (8) estimates of growth
mortality and removals.
In phase 3, a more extensive set of data are collected based on a subset of phase 2 plots,
including crown conditions, soil conditions, lichen communities, vegetation diversity and
structure, down woody debris and ozone bio-indicator data.

Subplot (7.32m radius)

Annular plot (17.95m radius)
Soil sampling

Lichens plot (36.60m radius)

Vegetation plot (1m2)
Microplot (2.07m radius)

Figure 2.3

Sample design of a FIA plot in phase 2

Note: Sample design was adapted from United States Department of Agriculture Forest Service,
Morin et al. 2006, Huebner et al. 2009.
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Data Analysis
In 1999, the FIA program in the Southern Research Station started an annual inventory
system. All phase 2 plots within a state are measured over a 5-7 year period (Table 2.1). That
means that approximately 17-20% of the phase 2 plots within a state are measured each year.
Each plot was spatially referenced by its latitude and longitude and identified with presence (1) or
absence (0) of an invasive species. If an invasive species was present, its cover area (proportion)
was measured. Considering certain plots may have been measured in both consecutive cycles in
the database, we only use the measurement in the recent cycle. Finally, 36,729 plots were
collected between 2001 and 2008 in southern forest lands. Because these 36,729 plots reflected
the “most recent” condition of invasive species, they were used to map the spatial distribution and
probability of invasive species. Meanwhile, 9,966 plots were measured twice during 2001
through 2008. These plots were used for mapping and computing the rate of spread of invasive
species during the time interval. With the twice-measurement plots, four conditions were
identified based on the invasion status between the two consecutive cycles (Table 2.2).
For twice measurement data, spread rate of invasive species at the plot level or county
level is calculated through these formulas:
Spread rate in plot =

A
The years between two consecutive in plot

where if plot i was infested by invasive species, A = 1; otherwise, A=0.
and
Spread rate in county

=

∑ SQP
No. of twice measurement plots in county j

where SQP represents spread rate in plot i, county j.
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Table 2.1

FIA cycle, subcycle and measurement years of phase 2 plots in the twelve southern
states

Years
State
Alabama

2001

2002

2003

2004

2005

2006

2007

2008

8:3

8:4

8:5

8:1

8:2

9:4

9:5

9:6

8:3

8:4

8:5

8:1

9:3

9:4

8:3

8:4

8:5

8:1

Arkansas
Florida
Georgia

8:3

8:4

8:5

8:6

9:2

9:3

Kentucky

5:2

5:3

5:4

5:5

6:2

6:3

Louisiana

7:2

7:4

7:5

7:1

7:3

Mississippi

9:4

9:5

8:6

North Carolina
South Carolina
Tennessee

8:2

7:3

Texas
7:3
Virginia

8:5

8:1

8:2

8:3

8:4

9:4

9:5

9:1

9:2

9:3

10:4

7:4

7:5

7:1

8:2

8:3

8:4

7:1

7:2

7:4

7:5

8:1

8:2

8:3

8:4

8:5

8:4

8:5

8:1

8:2

8:3

9:5

Note: the first number represents the cycle and the second number represents the subcycle at the
each cell.

Table 2.2

Four conditions of major invasive species in the twice measurement plots

The first cycle

The second cycle

Interpretation

0

0

Not invaded plots

0

1

Newly invaded plots

1

0

Formerly invaded plots, but invasive species were
not found in remeasurement

1

1

Formerly invaded plots

Note: 0 --without invasive species; 1--with invasive species.
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For once measurement data, the proportion of infested plots by one invasive species or
cover area proportion of invasive species in county level is calculated through the following:
PIP =

No. of infested plots by one invasive species in county
No. of all measured plots in county

and

CA =

∑ CA
Total number of measured plots in county

where PIP represents the proportion of infested plots in county j; CA represents the average
cover area proportion of invasive species at county j; CA represents the cover area proportion of
invasive species at plot i, county j.
Gaussian Kernel Smoothing
In this study, the once measurement plots and twice measurement plots were applied to
create different types of probability maps respectively. With the once measurement plots, we
ignored the cycle time discrepancy among states and all plots measured between 2001 and 2008
were used only once. Therefore, the maps can be viewed as a “reflection of average probability”
of invasive species in southern forests from 2001 to 2008. It is logistically appropriate for the
objectives to quantify or estimate the “current condition and extent” of invasive species.
Moreover, the twice measurement plots were used for predicting the spread rate of invasive
species. Gaussian kernel smoothing was used to estimate the probability of each of the 16
invasive species over the study area through this function:


 (so ) 

1
m(A)hx hy
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n

 k(
i1

xi  x0 yi  y0
)k (
)
hx
hy

where m(A) is the window size; hx and hy are the bandwidth in the two directions of the coordinate
system;

is the location of the origin;

is the location of plot i; k is the 1-dimension

standardized Gaussian kernel function with the form of,

K (u) 
where

=

or

=

1
exp(u 2 / 2)
2

.

As suggested the selection of the kernel function (i.e. Gaussian kernel or other kernels
like the quadratic kernel) is less important than the selection of the bandwidth (h) in the density
(probability) estimation (Hastie and Tibshirani 1990, Schabenberger and Gotway 2005). A larger
bandwidth leads to smoother estimates by giving progressively more weight to observations
farther away from the spatial location, but with a smaller bandwidth only the observations closer
to the spatial location get significant weight and therefore result in “rugged” estimates. A basic
principle to select a bandwidth in kernel density estimation is that the estimated map should
capture both the local variation and global trend of the response of interest while avoiding fake
local perturbations from the “noises” embedded in the data. To determine the best bandwidth, the
FIA plots were randomly divided into two groups. One group covering 70 % of the FIA plots was
used to generate the smoothed probability map corresponding to a set of selected bandwidth and
the rest 30 % of the FIA plots was used to validate how well the smoothed probability was
estimated using the Receiver Operating Characteristic (ROC) curve analysis (Metz, 1978, Zweig
and Campbell, 1993).
With the binary case (presence/absence of invasive species) and given a possible cut-off
value from the range of probability (0-1), each location (cell or pixel) on the smoothed probability
map can be classified as presence (the smoothed probability > the cut-off value) or verse visa
absence of invasive species. Checking with the validation FIA plots, if existing, one of four
13

outcomes may be true for the classification result: correctly classified as presence (TP=True
Presence fraction), falsely classified as presence (FP=Falsely Presence fraction), correctly
classified as absence (TA=True Absence fraction) and falsely classified as absence (FA=False
Absence fraction) as shown in Table 2.3. As a diagnostic measure of the classification
performance, the ROC curve is the true presence rate (sensitivity, a/ (a+b)) plotted against the
false absence rate (1-specificity, d/(c+d)) for different cut-point probability values. A
classification test with perfect discrimination (no overlap in the two distributions) has a ROC plot
that passes through the upper left corner (100% sensitivity, 100% specificity). Therefore, the
closer the ROC plot is to the upper left corner, the higher the overall accuracy of the classification
test (Zweig and Campbell, 1993). The area under the ROC curve was used to compare the
classification tests and determine the best bandwidth (with the largest area under the ROC curve).
For each invasive species, a set of smoothed probability maps were generated
corresponding the bandwidth = 0.02, 0.04, …, 1.0. For each smoothed probability map the cut-off
probability values of 0.1, 0.2, …,1.0 were used to develop the ROC curve. All computation and
simulation was conducted under the statistical R environment.

Table 2.3

Possible classification outcomes of a binary case for the ROC curve development

Classification

Presence
Absence
Total

Invasive species in a FIA plot
Presence
Absence
TP = a
FP = c
FA = b
TA = d
a+b
c+d

Total
a+c
b+d

Local Moran’s I
With the development of Moran's I, global Moran's I and local Moran's I have become
the most commonly used statistical measures to test spatial autocorrelation (Tiefelsdorf 2002).
14

Global Moran's I only yields one statistic to test the null hypothesis of spatial independence in the
whole study area (Weeks 2004). However, local Moran’s I is used to evaluate the spatial
autocorrelation between the observed spatial unit and its neighbors at the local level. Actually,
local Moran’s I decomposes global measure into each unit’s contribution if spatial autocorrelation
exists, then hot spots where high local Moran's I value exists will be further identified (Anselin
1995, Osei and Duker et al. 2008). In this study, local Moran’s I was employed to examine the
infested extent of local spatial autocorrelation using the proportion of infested plots, the cover
area proportion of invasive species, and the spread rate of invasive species between pairs of
counties at different distances in the southern forest lands, setting the significance level as 0.05
(Yeshiwondim et al. 2009). The formula of Local Moran’s I is as follows:
=

(

− )

(

− )

,

where

and

are the mean and variance of the variable (the proportion, the cover area or

spread rate of infested plots of invasive species), respectively;

and

are variable values at

county i and j; W is a distance-based weight applied in the comparison between county i and j.
Moran’s I values can be transformed to Z-score or p-value (Erdogan, 2009). The Z-score
for the statistics are computed as:
− ( )

( )=
where

( )=

( )

− ( ) . If Z-score is greater than 1.96 or less than -1.96, then local

spatial autocorrelation exists.
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Results
Spatial Extent and Condition of Sixteen Selected Invasive Species in Southern Forest Lands
According to the average presence proportion, spatial distributions of infested plots and
the smoothed presence probability of invasive species (Table 2.4, Figure 2.4 and Figure 2.5), the
16 invasive species were classified into four groups: regionally spreading species, regionally
establishing species, locally spreading species, and regionally colonizing species.
Japanese honeysuckle was the most prevalent among the 16 invasive species to sweep
41.14% of all sampled plots between 2001 and 2008 in southern forest lands, followed by
Chinese privet with relatively high presence proportion of 17.4% (Table 2.4). They widely
dispersed over the southern region, and the most prevalent areas were the mainly distributed in
the middle parts of southern forest lands (western TN, MS, AL and northern GA) (Figure 2.4).
Japanese honeysuckle and Chinese privet share these common characteristics: high overall
presence proportion (>10%), wide distribution, and high risk (probability > 0.5) in hot areas
(Figure 2.5), and thus were classified as the regionally spreading species.
Chinaberry tree spread in the Gulf Coast Plains and had less chance to be found in the
middle forest lands. Oppositely, Nepalese browntop and tree of heaven clustered in inland,
especially in Kentucky, Tennessee and Virginia (Figure 2.4). Moreover, Chinese lespedeza,
Japanese glossy privet and mimosa widely dispersed in the southern part with relatively high
presence proportion (4.29%, 2.9% and 1.89% respectively) (Table 2.4). These species had more
hot spots with risk between 0.1 and 0.5 (Figure 2.5), and present proportion from 1% to 10%, thus
they were classified as regionally establishing species.
Japanese climbing fern and the tallow tree had similar spatial patterns. They mainly
clustered to southeast Texas, southern Louisiana, southern Mississippi and southern Alabama
along the Gulf Coastal regions, and scattered to southern Georgia, Florida and South Carolina
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(Figure 2.4). There were very few or no infested plots in inland states (e.g. Arkansas, Kentucky
and Tennessee). Oppositely, bush honeysuckles and tall fescue mainly spread in Kentucky,
Tennessee and Virginia and others scattered in western South Carolina and western North
Carolina. In other words, they were more easily found in inland (Figure 2.4). Compared with the
regionally establishing species, the infested areas of these four invasive species were narrower
and concentrated in one or two specific areas. Although bush honeysuckles and tall fescue had
some differences with Japanese climbing fern and the tallow tree in spatial patterns, these
invasive species were regarded as locally spreading species because of their relatively low
presence proportion (1~10%), and concentrating locally with one hot spot of risk >0.5 (Table 2.4
and Figure 2.5).
Kudzu scattered in 12 states with very low present proportion (0.8%) on the average
(Table 2.4), but it was distributed abundantly in the intersection among Mississippi, Arkansas and
Tennessee (Figures 2.4). Congongrass was only found in southern Alabama, southern Mississippi
and western Florida with the least regionwide presence proportion (0.22%) (Table 2.4) and its
most several invaded area was in the southern corner of Alabama (Figure 2.4). In addition,
autumn olive and princess tree mainly spread in Kentucky, northern Georgia and northern
Virginia and a few infested plots dispersed in Tennessee, western South Carolina and western
North Carolina (Figure 2.4). In summary, except for spatial distribution difference, these four
species (kudzu, congongrass, autumn olive and princess tree) had common characteristics: low
regionwide presence proportion (<1%) and more local hot spots with the risk <0.1 (Figure 2.5).
Hence, these four species are classified as regionally colonizing species.

Rate of Spread of Sixteen Selected Invasive Species in Southern Forest Lands
Risk maps (Figure 2.6) predicted the spread rate of infested plots in eight southern states
where the FIA plots were remeasured during the most recent cycle. For most of the invasive
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species, the areas with high rate of spread (Figures 2.6) were also the most heavily infested areas
(Figures 2.5). However, there were some exceptions. For example, princess tree was the most
abundant in Virginia and northeast Tennessee, but the area with the highest rate of spread was
distributed in central Kentucky. This pattern also holds for mimosa, which was mainly aggregated
in northern Alabama, but the highest rate of spread was found in the southwestern corner of
Kentucky. In addition, regionally spreading species and most of locally spreading species had
higher rate of spread than the other two groups (regionally colonizing species and regionally
establishing species).
Local Moran’s I Test Statistics for Local Spatial Autocorrelation of Major Invasive Species
The less the p-value of local Moran’s I was the more influences the counties had on their
neighboring counties. Figures 2.7, 2.8 and 2.9 showed statistically significant local clustering
(dark areas below the 0.05 level) of the presence proportion, the cover area proportion and rate of
spread of invasive species.

Discussion
For one hand, risk maps can be presented as current condition and extent of invasive
species based on the once measurement data, so they are described as “static invasion”. For the
other hand, risk maps can be used to predict the rate of spread of major invasive species, hence
they are also considered as a reflection of “dynamic invasion”. Intuitively, the most highly
vulnerable regions are more easily identified by analyzing two types of risk maps because high
accuracy of twice measurement data can narrow down the highly vulnerable areas. Meanwhile,
exactly vulnerable regions can help foresters to shorten investigating time. What's more, the
earlier the high risk areas are detected, the less costly it is to eliminate invasive species and
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control the spread in early invasion stages. After this early spread stage, invasive species
management becomes more expensive and time-consuming (Moser et al. 2009).
For example, Japanese honeysuckle and Chinese privet already became the most
prevalent in southern forest lands, so it is very difficult to control and eradicate these prevalent
species. Oppositely, as regionally colonizing species (kudzu, congongrass, prince tree and autumn
olive), their most susceptible areas were mostly clustered around several counties. Therefore,
foresters can take advantages of this optimal period to reduce their infested area and then cut off
their spread path from infested area to non-infested area by using chemical or silvicultural
activities.
Although twice measurement data can reflect new conditions of invasive species, sparse
or no repeated measurement data in certain states/counties result in great discrepancy between the
predicted and actual risk maps. For example, Japanese honeysuckle is pervading in southern
forest lands, especially in northern Mississippi with the highest density. However, a strip of
northern Kentucky is predicted as the area with highest spread rate because of lack of repeated
measurement data in Mississippi. This problem can be solved by updating the recently sampled
plots in the next cycle of the database.
Besides the identification of high risk areas, it is necessary to explore the cause of the
spatial distributions of some invasive species.
Firstly, hot spots of some invasive species are consistent with the history records. For
example, during the early 1900s, the tallow tree, as federally-sponsored plantings, was widely
planted in the Gulf Coastal Plain in order to establish local soap industries (Bogler 2000). Until
now, the origin (Gulf Coastal Plain) of the tallow tree has still been considered as the most
vulnerable area. Another example is kudzu. The Soil Erosion Service distributed over 85 million
seedlings to farmers in the Southern United States and then encouraged them to plant kudzu along
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the roads for erosion control from the middle 1930’s to the mid 1950’s (Forseth and Innis 2004).
Therefore, it could be easily explained why kudzu focuses on the intersections among these states
(Mississippi, Arkansas and Tennessee).
Secondly, biological characteristics play an important role in the spread of invasive
species. For example, the tallow tree, Japanese climbing fern and congongrass are mainly
distributed along the Gulf Coast and this phenomenon indicates that their invasions are limited by
weather to large degree. On one hand, their seeds can be dispersed by water, wind and birds, and
these dispersal paths are directly or indirectly affected by hurricane, typhoon, storms, as well as
flood (Gan et al. 2009). On the other hand, temperature also limited their spread into inlands.
Pattison and Mack (2008) reported that the tallow tree would invade 700km northward beyond its
origin (Gulf Coastal regions) in southern USA using the CLIMEX model if temperature increased
by 2 degrees.

Conclusions
Sixteen out of the 33 invasive species detected by the FIA were selected to predict and
map their extent, spread rate and conditions in southern forest lands. According to their
population size and spatial characteristics, they were classified into four groups: regionally
spreading species (Japanese honeysuckle and Chinese privet), regionally establishing species
(Chinaberry tree, Nepalese browntop, tree of heaven, Chinese lespedeza, Japanese glossy privet
and mimosa), locally spreading species (Japanese climbing fern, the tallow tree, bush
honeysuckles and tall fescue), and regionally colonizing species (Kudzu, congongrass, autumn
olive and princess tree). Regionally spreading species and regionally establishing species were so
widespread in forest lands that they missed the optimal phase for control or eradication.
Regionally colonizing species with low population size and narrow infested areas were
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considered in the early stage of invasion, so their numbers can be reduced or even eliminated by
chemical or silvicultural activities, such as herbicide and fire.
Significant clusters existed in each invasive species, which were closely correlated to past
human activities. Invasive species are spreading from the origin to their neighbors, gradually
reaching further regions. Therefore, it is necessary to investigate their dispersal paths and driving
factors so as to curb the spread of invasive species.
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Table 2.4

Form
Trees

Shrubs

Vines

Grasses

Forbs

Major invasive species in southern forest lands

Common name
(Scientific name)
Tree of heaven
(Ailanthus altissima)
Mimosa
(Albizia julibrissin)
Princesstree
(Paulownia tomentosa)
Chinaberrytree
(Melia azedarach)
Tallow tree
(Triadica sebifera)
Autumn olive
(Elaeagnus umbellate)
Chinese privet
(Ligustrum sinense Lou.)
Japanese glossy privet
(Ligustrum japonicum
Thunb)
Bush honeysuckles
(Lonicera spp.)
Japanese honeysuckle
(Lonicera japonica)
Kudzu
(Pueraria montana)
Tall fescue
(Lolium arundinaceum)
Cogongrass
(Imperata cylindrical)
Nepalese browntop
(Microstegium vimineum)
Japanese climbing fern
(Lygodium japonicum)
Chinese lespedeza
(Lespedeza cuneata)

Number of infested FIA
plots in southern forest
lands by year 2008

Presence proportion

786

2.14%

694

1.89%

181

0.49%

476

1.30%

1,240

3.38%

290

0.79%

6,408

17.45%

1,064

2.90%

680

1.85%

15,110

41.14%

287

0.78%

1,196

3.26%

80

0.22%

1,323

3.60%

1,396

3.80%

1,576

4.29%

Note: The presence proportion of an invasive species = No. of FIA plots infested by that invasive
species / all measured FIA plots (36,729)
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Japanese honeysuckle

Chinese privet

Chinese lespedeza

Mimosa

Japanese glossy privet

Figure 2.4

Kudzu

Infested plots from 2001 to 2008 in southern forest lands

Note: Dark dots represent newly infested plots between twice measurements; light dots represent
formerly infested plots.

23

Japanese climbing fern

Tallow tree

Chinaberry tree

Cogongrass

Bush honeysuckles

Nepalese browntop

Figure 2.4 (continued)
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Princess tree

Tall fescue

Autumn olive

Tree of heaven

Figure 2.4 (continued)
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Japanese honeysuckle

Chinese privet

Bush honeysuckles

Tall fescue

Tallow tree

Japanese climbing fern

Nepalese browntop
Figure 2.5

Tree of heaven

Risk (0-1) maps showing current condition and extent of major invasive species in
southern forest lands
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Chinese lespedeza

Mimosa

Japanese glossy privet

Chinaberry tree

Kudzu

Congongrass

Princesstree

Autumn olive

Figure 2.5 (continued)
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Japanese honeysuckle

Chinese privet

Bush honeysuckles

Tall fescue

Tallow tree

Japanese climbing fern

Nepalese browntop
Figure 2.6

Tree of heaven

Risk (0-1) maps predicting the spread rate of major invasive species in southern
forest lands

Note: Blank States indicates no repeated measurement data.
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Chinese lespedeza

Mimosa

Japanese glossy privet

Chinaberry tree

Kudzu

Congongrass

Princesstree

Autumn olive

Figure 2.6 (continued)
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Japanese honeysuckles

Chinese privet

Bush honeysuckles

Tall fescue

Tallow tree

Japanese climbing fern

Nepalese browntop

Figure 2.7

Tree of heaven

The p-value of local Moran’s I showing clustering of major invasive species using
the proportion of infested plots in each county

Note: The p-values are classified into categories “5”≤0.01, “4”= 0.01 to 0.05, “3”= 0.05 to 0.1, “2”
= 0.1 to 0.2, “1” ≥ 0.2.
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Chinese lespedeza

Mimosa

Japanese glossy privet

Chinaberry tree

Kudzu

Congongrass

Princess tree

Autumn olive

Figure 2.7 (continued)
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Japanese honeysuckles

Chinese privet

Bush honeysuckles

Tall fescue

Tallow tree

Japanese climbing fern

Nepalese browntop

Figure 2.8

Tree of heaven

The p-value of local Moran’s I showing clustering of major invasive species using
the cover area proportion of invasive species in each county

Note: The p-values are classified into categories “5”≤0.01, “4”= 0.01 to 0.05, “3”= 0.05 to 0.1, “2”
= 0.1 to 0.2, “1” ≥ 0.2.
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Chinese lespedeza

Mimosa

Japanese glossy privet

Chinaberry tree

Kudzu

Congongrass

Princess tree

Autumn olive

Figure 2.8 (continued)
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Japanese honeysuckles

Chinese privet

Bush honeysuckles

Tall fescue

Tallow tree

Japanese climbing fern

Nepalese browntop

Figure 2.9

Tree of heaven

The p-value of local Moran’s I showing clustering of major invasive species using
the spread rate of invasive species in each county

Note: The p-values are classified into categories “5”≤0.01, “4”= 0.01 to 0.05, “3”= 0.05 to 0.1, “2”
= 0.1 to 0.2, “1” ≥ 0.2.
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Chinese lespedeza

Mimosa

Japanese glossy privet

Chinaberry tree

Kudzu

Congongrass

Princess tree

Autumn olive

Figure 2.9 (continued)
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CHAPTER III
ANALYZING SPATIAL PATTERNS OF MAJOR INVASIVE SPECIES USING
GEOSPATIAL MODELS AT THE PLOT AND COUNTY LEVEL

Introduction
Chinese privet, tallow tree, Nepalese browntop and kudzu, as the representative of the
four groups identified (chapter II) and life forms were chosen from the 16 invasive species
presented in chapter II. In this chapter, the spatial distribution of these four invasive species and
associated driving factors were explored through geospatial analysis at the plot and county levels.
Their introduction history, biological characteristics and invasive process which, to a larger extent,
cause the current distribution patterns were introduced as follows.

Chinese privet (Ligustrum sinense Lour)
Chinese privet is a semi-evergreen shrub with many long and leafy branches. It matures
rapidly and reproduces by sexual and vegetative means. New plants can be produced by rhizomes
or suckers, even broken root fragments are able to re-sprout. Meanwhile, mature Chinese privet
can produce a huge number of seeds which are eaten and then transported to reach a wide range
of areas such as disturbed areas, woodlands, valley and streamside by birds or other animals
(http://plants.ifas.ufl.edu/node/231, McRae 1980, Weedy Plants of The US 2007).
Chinese privet is native to China and was firstly introduced into United State in 1852 as
an ornamental (Urbatsch 2000). Chinese privet has been used as hedge in Augusta, Georgia since
as early as the 1860s (Wyman 1973). Chinese privet has been widely planted as a great landscape
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plant because it could tolerate air pollution and other stressful environmental conditions
(http://plants.ifas.ufl.edu/node/231). Until now, Chinese privet has run rampant over the southern
forest lands and become one of the most aggressive invasive species. As shown in chapter II,
Chinese privet’s presence probability reached 17.45% in the southeast forest land and was
characterized as a regionally spreading species.
Kudzu (Pueraria Montana)
Kudzu is a semi-woody legume vine that spreads by vegetative expansion and seeds.
However, kudzu rarely spreads by seeds which are contained in pods and have low germination
rate (http://en.wikipedia.org/wiki/Kudzu). New generation can be produced by rhizomes or
stolons at the nodes where kudzu is in contact with on top of or below soil surface (Bergmann and
Swearingen 2005). Its roots can penetrate the soil so deep (about 9 feet) that Kudzu can survive in
a wide range of soil (e.g., acid soils, lime soils, lowlands with high water tables and over heavy
subsoil) (Southeast Exotic Pest Plant Council 2003). Kudzu thrives in the areas with abundant
sunlight, such as forest edges, roadsides, abandoned fields and other open areas (Forseth et al.
1986, Virginia Department of Conservation and Recreation 2001), but kudzu can grow slowly in
the low irradiance levels (Forseth et al. 1987, Fujita et al. 1993). The trait helps kudzu survive
understory and finally grow through several canopy layers (Forseth et al. 1987).
Kudzu, whose native range was from China to Japan, India and thorough Micronesia, was
introduced to the Philadelphia Centennial Exposition as ornamental material in 1876, and later to
the New Orleans Exposition in 1883 (Forseth and Innis. 2004). There are two main historical
reasons why kudzu distributes through the southeast of the United States. First, in the early 20th
century, kudzu was promoted as forage for people who found that kudzu's leaves were rich in
high protein content and then the demand of kudzu was largely stimulated by consumer demand
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(Corley et al. 1997, Forseth and Innis 2004). Secondly, in the 1930s, the United States Soil
Conservation Service distributed over 85 million seedlings of kudzu and encouraged southern
landowners to widely plant it as an erosion control with an allowance of about $19.75 per acre
(Everest et al. 1991, Forseth and Innis 2004). Kudzu is currently mostly found in the intersections
of Mississippi, Arkansas, Tennessee and middle Alabama with an overall presence probability of
0.78% in the southeast forest land and characterized as a regionally colonizing species.

Nepalese browntop (Microstegium vimineum)
Nepalese browntop is dense, mat-forming annual grass with stems growing from 1 to 3 ft
long, often laying over and having alternate, lanceolate leaves to 4 inches long (Miller 2003).
Each plant produces about 100-1,000 seeds and they are primarily dispersed by flooding and
animals and humans, such as by hitchhiking on hiker’s and visitor’s shoes and clothes in
recreational areas (Miller 2003, Evans et al. 2005). In addition, shade tolerance enables Nepalese
browntop to grow and produce seeds at as low as 5% of full sunlight (Winter et al. 1982, Horton
and Neufeld 1998). These aggressive traits such as shade tolerance and prolific seed production
help it to occupy various habitats including creek banks, floodplains, forest roadsides and trails,
forest edges, damp fields and swamps (Miller 2003, Evans et al. 2005). Especially, forested
floodplains are a common invader of Nepalese browntop due to its flood tolerance and water
dispersal of seeds (Miller 2003, Evans et al. 2005).
Nepalese browntop's native range is from Japan and Korea to China and through
Malaysia and India. It was firstly found in Knoxville, Tennessee in 1919 (Miller 2003). People
speculated that its introduction was an accident. Nepalese browntop was used as packing material
to protect the Chinese porcelain, so there was possibility to show that the seed of Nepalese
browntop was accidently transported to the US as accessories (Weedy plants of the US 2007). So
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far, Nepalese browntop can be detected in eight southern states including Alabama, Mississippi,
Georgina, South Carolina, North Carolina, Virginia, Tennessee and Kentucky, with an overall
presence probability of 3.6% and is characterized as a regionally establishing species.

Tallow tree (Triadica sebifera)
The tallow tree is a tree in the Euphorbiaceae family which typically reaches maturing
age at year 3. It is adapted to a variety of disturbed sites and a wide range of environmental
conditions: alkaline, saline or acidic soils, wet to dry and shade to full sun (Bogler 2000, Jubinsky
and Anderson 1996). It is very popular in pastures because livestock hardly eat it (Weedy plants
of the US 2007). One plant can present a constant source of seeds (up to 100,000 seeds per year)
and then seeds are distributed by birds and water (Renne et al. 2002, Siemann and Rogers 2003).
Meanwhile, the seed can germinate under stressful conditions and remain viable for many years
(Jubinsky and Anderson 1996). Zhang and Lin (1994) speculated that the seed may remain
dormant for up to 100 years with little or no loss in viability. As a prolific seed producer and fast
growing species, the number of the tallow tree easily overtakes that of native species. Once
established, it can form an impenetrable thicket which blocks sunlight. Native species die
gradually due to the lack of enough sunlight and the tallow tree quickly occupies gaps where
native species have lived before.
Tallow tree was introduced in the 1770s as industrial materials in making candles, soap
and cloth (Bruce et al. 1997). Especially, the seeds of the tallow tree could be used as a resource
of fuel (Rogers and Siemann 2004). With the increasing amount of industrial material, the U.S.
Department of Agriculture decided to plant the tallow tree in the Gulf of Mexico coastal region to
satisfy the material need for soap industry in the 1900s (Bruce et al. 1997). Hence, the historical
reason led to widespread distribution of the tallow tree in the coastal plain, even though its
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overall presence probability is 3.38% in the southeast forest land. Tallow tree is characterized as
locally spreading species.
Invasion process
An invasive process includes four interrelated spatio-temporal stages: introduction,
colonization, establishment and landscape spread (Theoharides and Dukes 2007). In different
stages, there are different major control factors which limit invasive species establishment and
distribution. It does not mean that the four stages are discrete and have distinct boundaries. In fact,
these stages are continuous and the influences of control factors (filters) may span several stages
(Figure 3.1). In the introduction stage, humans, as the main dispersers, contribute to the
introduction of invasive species across regions and continents (Theoharides and Dukes 2007). In
general, there are two different introduction methods: accidental introduction and intentional
introduction. Accidental introduction may occur in a ship’s cargo and impure crop seeds. What is
more, it could be in adhesion with domesticated animals and travelers from other regions.
Intentional introduction occurred for forage, fiber, ornamentals, food, fuel, medicinal purposes,
and for timber and erosion controls (Theoharides and Dukes 2007, Forseth and Innis 2004).
After alien species are transported to the new regions, their growth and reproduction are
restricted to the local environmental conditions (Chesson 2000, Sakai et al. 2001). Climatic
factors such as temperature and precipitation play a critical role in constraining the survival of
invasive species during the colonization stage. Taking Kudzu as a typical example, it hardly
grows as growing seasons gradually shorten and the number of frost days increases toward the
northern US due to the death of leaves in cold temperature (Miller and Edwards 1983, Carter and
Teramura 1989, Mitich 2000). When invasive species adapt to new environments, their next goal
is population expansion from a small size patch to a large community.
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In the establishment stage, the population size of exotic species greatly depends on biotic
factors. Competition is considered as one of the important topics in the biotic filters invasion
study (Levine et al. 2004). The competition between native species and invasive species is mainly
for limited biological resources (e.g. light, nutrient, soil moisture) and physical space. There are
various factors reflecting the competitive ability of invasive species such as species richness and
biodiversity.
In the spread stage, invasive species face the most difficult to find dispersal path realizing
local spread and rare long-distance dispersal (Theoharides and Dukes 2007). Biological
characteristics of seeds help invasive species solve this problem. For example, the tree of heaven
(Ailanthus altissima) makes use of wind as the major dispersal vectors. Their seeds are
transported along rivers and streams (Miller 2003). Kudzu produces large amounts of seeds which
are dispersed by wind, water and animals (Miller 2003). The tallow tree mainly spreads its seeds
by bird or water (Gan et al. 2009). Sometimes, the seeds of Nepalese browntop could hitchhike
on hikers and visitor’s shoes or clothes so that the seed could transport to another new destination
(Tennessee Exotic Pest Plant Council 2009). In addition, the spread of invasive species can be
promoted in disturbed areas where ecosystem balance is dynamic and higher resources are
available to create favorable habitat for colonization and establishment (Theoharides and Dukes
2007). Examples are periodic flooding, cyclonic damage, wildfire, herbivore irruption, extreme
weather and silvicultural activities.
In summary, Chinese privet, kudzu, Nepalese browntop and tallow tree, as invasive
species have some common characteristics: rapid growth, tolerance of a wide range of
environmental conditions, fecundity, escaping from native herbivore, successful invasion in
disturbed and undisturbed areas and high dispersal ability to encourage the further distribution by

44

Introduction
Accidental introductions: aircraft (on
clothing or food stuffs), trucking (cargoing
and animals) and so on. Intentional
introductions: ornamentals, crops and so
on.

Colonization
Propagules survival (germination, growth
and reproduction) is mainly suppressed by
abiotic factors such as temperature,
precipitation.

Establishment
Population expansion is mainly
determined by biotic filters, such as
stocking and species richness.

Spread
Spread rates rely on dispersal pathways,
dispersal patterns, dispersal ability,
disturbance patterns, disturbance intensity,
and disturbance frequency.

Figure 3.1

Diagram of the invasion process of an invasive species

people and animals. Their aggressive characteristics make them successfully become dominant
species in newly invaded areas.
Based on the introduction history, biological characteristics and invasive process, the
objective of this chapter is to evaluate the impact of potential biological and socio-economic
factors on the distribution and spread of each invasive species. Specifically, considering the
spatial correlation/dependence during the invasion process, auto-logistic regression and
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simultaneous autoregressive regression (SAR) models were used to quantify driving factor effect
on the spread and distribution of selected invasive species at two levels: plot and county.

Methodology
Variables Collection
At the plot level, the response variable is whether a FIA plot was infected by an invasive
species since last measurement or not (0 or 1), and the explanatory variables were aggregated into
three types: (1) geographic factors; (2) stand/site variables, (3) Natural and anthropogenic
disturbances (Table 3.1). All response and explanatory variables at the plot level are measured
based on the twice measurement plots. Major forest types are considered as geographic factors.
Stand/site variables comprise site productivity, stand origin, physiographic class, slope and
growing stock. Disturbances include forest fragmentation, ownership, the nearest distance to
highway, infested plot and river, and whether or not a FIA plot was affected by human or natural
disturbances. Fifteen forest types were detected in southern forest lands, but four invasive species
(Chinese privet, kudzu, Nepalese browntop and tallow tree) mainly distribute in six major forest
types (longleaf / slash pine group, loblolly / shortleaf pine group, oak / pine group, oak / hickory
group, oak / gum / cypress group, and Elm / ash / cottonwood group). Therefore, besides six
major forest types, other forest types were aggregated into mixed forest. For tallow tree, the twice
measurement plots in five states (AL, GA, SC, TN and TX) are distributed in six major forest
types.
At the county level, the response variable was the proportion of an invasive species’
cover area, and the explanatory variables were aggregated into (1) geographic factors and (2)
disturbances (Table 3.2). Geographic factors include river density, the proportion of longleaf /
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Stand
variables

Categorical

Categorical

Forest fragmentation

Stand origin

Continuous

Categorical

Ownership

Population gravity index

Categorical

Continuous

Types of
variables

Disturbances

Distance

Variables

is the population of

Natural regeneration
Artificial regeneration

Edge
Interior
Patch
Transitional area

populated place k, and
is the
distance between point i and populated
≤ 100km
place k. In my study

=∑

0: nonprivate;1:private

0: no; 1:yes

Classifications

Method of stand
regeneration

Forest fragmentation is
the process of breaking up
large patches of forest
into smaller pieces.

Insect, disease, fire,
animal, weather and
human-caused treatments
(APPENDIX C )

Distance to the nearest
highway/already infested
plots/river

Definitions

FIA

USGS

GIS

FIA

FIA

GIS

Data
sources

Explanatory variables generated from the FIA and USGS database and used in geospatial analyses of major invasive species
at the plot level

Disturbances

Category

Table 3.1
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Physiographic class

Geographic
variables

Categorical

Site productivity

Forest type

Categorical

Categorical

Categorical

Slope

Stand
variables

Stocking

Continuous

Variables

Types of
variables

Category

Table 3.1 (continued)

longleaf / slash pine forest
Loblolly / shortleaf pine forest
Oak / pine forest
Oak / hickory forest
Oak / gum / cypress forest
Elm / ash / cottonwood forest
Mixed forest

Poorly stocked (0-34%)
Medium stocked (35-59%)
Fully stocked (60-100%)

Xeric sites
Mesic sites
Hydric sites

High(>120 cubic feet/acre/year)
Medium(50-119 cubic feet/acre/year)
Low(0-49 cubic feet/acre/year)

Classifications

The forest covers of the
inventoried stand based on the
tree species forming a plurality
of the stocking in the stand.

The sum of stocking percent
values of all growing stock trees
on the condition.

The general effect of land form,
topographical position, and soil
on moisture available to trees.

A classification of forest land in
terms of inherent capacity to
grow crops of industrial wood.

The angle of slope, in percent,
of the condition.

Definitions

FIA

FIA

FIA

FIA

FIA

Data
sources
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Disturbances

The proportion of the oak forest

Geographic
factors

The proportion of forest edge

Population density

Road density

The proportion of forest lands

River density

The proportion of oak / pine forest

The proportion of loblolly /
shortleaf pine forest

The proportion of longleaf / slash
pine forest

Classifications

The proportion of forest lands at county
The area of forest lands at county
=
The area of county
The length of road at county
Road density at county =
The area of county
The number of residents at county
Population density at county =
The area of county
The proportion of forest edge at county
The area of forest edge at county
=
The area of county

The proportion of the oak forest at county
The area of mixed oak forest at county i
=
The area of county
The proportion of longleaf/ slash pine forest at county
The area of longleaf / slash pine forest at county
=
The area of county
The proportion of loblolly/ shortleaf pine forest at county
The area of longleaf / slash pine forest at county
=
The area of county
The proportion of oak / pine forest at county
The area of oak / pine forest at county
=
The area of county
The length of river at county
River density at county =
The area of county

Definitions

Explanatory variables generated from the FIA and USGS database and used in geospatial analyses of major invasive species
at the county level

Category

Table 3.2

slash pine group per county, the proportion of loblolly / shortleaf pine group per county, the
proportion of oak / pine group and river density and the proportion of mixed oak forest (oak /
hickory group, oak / gum / cypress group and oak / pine group). Disturbance variables include the
proportion of forest lands, road density, the proportion of forest edge and population density. All
response and explanatory variables at the county level are measured based on the once
measurement plots.

Autologistic Regression Model
An autologistic regression model combines a binary logistic model with autocorrelation
weight. The model formula is:
( = 1)
=
1 − ( = 1)
where (

+

+

+

= 1) is the expected probability of occurrence at plot i; α is the intercept of the model;

is the explanatory variable at plot i (see the table 3.1);

is the coefficient of the explanatory

variable ; w is the weight function that describes the plot i’s influence on plot i, and usually it
can be calculated by distance between plots;

is the coefficient of spatial weight;

is the

binomially distributed error. In this study, the nearest distance between a newly infested plot and
the previously infested plots was used for spatial weight.
All response and explanatory variables at the plot level (Table 3.1) were run in the
autologistic regression model, but only significant factors were reported in Tables 3.3, 3.4, 3.5
and 3.6.
Simultaneous Autoregressive (SAR) Model
Simultaneous autoregressive models assume that the response variable at each location i
is related to the explanatory variables at location i as well as spatial dependence from its
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neighbors (Kissling and Carl 2008). The SAR model has three different forms: spatial error =
SARerr, lagged = SARlag and mixed = SARmix. In this study, spatial error model (SARerr) was
employed to evaluate the driving factors associated with the average cover area proportion of
invasive species.
=

+

+

  W  
represented the expected cover area proportion of invasive species at county i;

where

the intercept of the model;
explainable variable

is the explainable variable at county i;

is

is the coefficient of the

; is the vector of error term; W is the spatial weight matrix;  is the

vector of uncorrelated, homoskedastic errors. The SARerr incorporates spatial effects through the
error term.
All response and explanatory variables at the county level (Table 3.2) were run in the
SAR model, but only significant factors were reported in Table 3.7.

Results
The Relationship between the Occurrence of Invasive Species and Driving Factors at the
Plot Level
Disturbances
Totally for four invasive species, the nearest distance to formerly infested plots was the
most significant determinant (p=0.0189 for kudzu and p<0.0001 for other species) to affect
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whether a forested plot will be likely infested or not. It also showed that the newly infested plots
were spatially clustered with those formerly infested plots (Tables 3.3, 3.4, 3.5 and 3.6).
For Chinese privet, human-caused damage and distance to the nearest highway were
negatively associated with its invasive probability (Table 3.3). However, PGI, disease damage
and ownership were positively related to the presence probability of Chinese privet (Table 3.3).
Especially for Nepalese browntop, ownership was a remarkable driving factor and
showed significantly positive effects on its presence (Table 3.4). Furthermore, animal damage
significantly enhanced the risk of Nepalese browntop invasion. It happened the same for weather
damage (including ice, hurricane, tornado, flooding) which remarkably affected the occurrence of
tallow tree (Table 3.6).
Geographic Conditions
The presence of invasive species in the southern forested lands is closely related to
landscape metrics or geographic characteristics. Forest types related to geology, physiography,
climate, soils, hydrology, terrestrial and aquatic fauna play a critical role in the infestations of
Chinese privet, tallow tree or Nepalese browntop (Tables 3.3 3.4 and 3.6), but their effects may
change with species.
For Chinese privet, five forest types (loblolly / shortleaf pine group, oak / pine group, oak
/ hickory group, oak / gum / cypress group and Elm / ash / cottonwood group) were positively
correlated with the invasion of Chinese privet, since Chinese privet was almost found in the
whole southern forest lands as regionally spreading species.
For Nepalese browntop, except loblolly / shortleaf pine group, the rest of major forest
types were also positively significant to the presence of Nepalese browntop. Four major forest
types (loblolly / shortleaf pine group, oak / pine group, oak / hickory group and Elm / ash /
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cottonwood group) were distributed universally inlands from south to north, and it indicated that
Nepalese browntop were more likely to invade into uplands and moderately moist environment.
For tallow tree, oak / gum / cypress group was positively related to the existence of
tallow tree, but longleaf / slash pine group had an inverse relationship with its existence. Longleaf
/ slash pine group and oak / gum / cypress group dominated in bottom lands along the Gulf Coast
and could reflect that the favorite habitat for the tallow tree was humid bottomlands.
There was no statistically significant relationship between forest type and kudzu because
it was very rare in southern forest lands.

Stand Conditions
Site productivity, physiographic class and stocking were three variables which are
thought to have a significant role in explaining the existence of Chinese privet or Nepalese
browntop (Tables 3.3 and 3.4). These species had more chances to be found in the area with high
resource availability, moisture and more growing space availability where invasive species can
absorb enough nutrient and water for germination and growth and be more likely to enlarge their
numbers in unoccupied area. Moreover, the invasion success of Chinese privet or tallow tree was
less likely in sloping lands than in flat lands (Tables 3.3 and 3.6). It was obvious that flat lands
were a facilitator of human or animal transportation to enhance seed dispersal and alter the
natural ecosystem.
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Table 3.3

Empirical results of the occurrence of Chinese privet in southern forest lands
from 2004 to 2008 based on autologistic regression model
Coefficient

Wald Chisquare

P value

Distance to the
nearest highway

-7.8558

37.8644

<0.0001

Distance to the
nearest already
infested plot

-5.1436

172.3132

<0.0001

PGI

0.000068

7.0036

0.0081

Variables
Disturbance

Geographical
factors

Stand factors

Disease

1:yes
0: no(reference)

0.8264

8.5830

0.0034

Human-caused
disturbances

1:yes
0: no(reference)

-0.2461

11.2392

0.0008

1:private
0: public(reference)

0.8651

29.5737

<0.0001

Ownership

0.7555
0.8987
1.1026
0.9503
1.4688
0.9164

10.4002
13.8524
21.6565
14.7265
30.6861
7.1526

0.0013
0.0002
<0.0001
0.0001
<0.0001
0.0075

-0.0176

26.7078

<0.0001

0.3928
0.4710

6.7239
13.7149

0.0095
0.0002

2.0488
2.0103

20.1306
16.4842

<0.0001
<0.0001

21.3824
1.0051

<0.0001
0.3161

Forest type

longleaf / slash pine group
(reference)
Loblolly / shortleaf pine group
Oak / pine group
Oak / hickory group
Oak / gum / cypress group
Elm / ash / cottonwood group
Mixed forest

Slope
Site productivity

Physiographic class

AIC

Classifications

High
Medium
Low(reference)
Xeric sites(reference)
Mesic sites
Hydric sites)

Growing stock

Poorly stocked
Medium stocked
Fully stocked (reference)

0.4069
0.0851

6026.861

SC

6168.789

Note: Except four states without repeated measurement plots, newly infested plots of Chinese
privet dispersed eight states (AL, AK, GA, KY, SC, TN, TX and VI). Therefore, present and
absent plots of Chinese privet were from twice measurement database in eight states. In the table,
only significant factors were showed.
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Table 3.4

Disturbance

Geographical
factors

Stand factors

AIC

Empirical results of the occurrence of Nepalese browntop in southern forest lands
from 2004 to 2008 based on autologistic regression model
Coefficien
t

Wald Chisquare

P value

-2.5203

130.910

<0.0001

1:private
0: public(reference)

0.9263

15.6508

<0.0001

Animal damage

1:yes
0: no(reference)

0.4523

4.4869

0.0342

Forest type

longleaf / slash pine group
(reference)
Loblolly / shortleaf pine group
Oak / pine group
Oak / hickory group
Oak / gum / cypress group
Elm / ash / cottonwood group
Mixed forest

1.6146
2.2206
3.0176
2.2867
3.7469
2.5852

2.4902
4.7405
8.9792
4.8013
13.5200
6.1202

0.1143
0.0295
0.0027
0.0284
0.0002
0.0134

Variables
Distance to the
nearest already
infested plot

Classifications

Ownership

Site productivity

High
Medium
Low(reference)

0.5348
0.3899

5.7436
5.5649

0.0165
0.0183

Physiographic
class

Xeric sites (reference)
Mesic sites
Hydric sites

1.0002
0.5443

13.2772
1.2996

0.0003
0.2543

Growing stock

Poorly stocked
Medium stocked
Fully stocked (reference)

0.3416
0.5027

5.2058
12.8225

0.0225
0.0003

2590.164

SC

2698.297

Note: Except four states without repeated measurement plots, newly infested plots of Nepalese
browntop dispersed six states (AL, GA, KY, SC, TN and VI). Therefore, present and absent plots
of Nepalese browntop were from twice measurement database in six states. In the table, only
significant factors were showed.
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Table 3.5

Disturbance
AIC

Empirical results of the occurrence of kudzu in southern forest lands from 2004 to
2008 based on autologistic regression model
Variables
Distance to the nearest
already infested plot

Classifications

261.946

SC

Coefficient

Wald Chisquare

P value

-3.0396

5.5072

0.0189

274.212

Note: Except four states without repeated measurement plots, newly infested plots of kudzu
dispersed seven states (AL, GA, KY, SC, TN, TX and VI). However, nearly 80% of newly
infested plots distributed in AL, so present and absent plots of kudzu were from twice
measurement database in Alabama. In the table, only significant factors were showed.

Table 3.6

Empirical results of the occurrence of tallow tree in southern forest lands from 2004
to 2008 based on autologistic regression model
Coefficient

Disturbance

Variables
Distance to the nearest
already infested plot

-10.5658

Wald Chisquare
53.8363

<0.0001

-7.1739

5.5516

0.0185

1:yes
0: no(reference)

0.6362

3.9008

0.0483

longleaf / slash pine group
Loblolly / shortleaf pine group
(reference)
Oak / pine group
Oak / hickory group
Oak / gum / cypress group
Elm / ash / cottonwood group

-0.9737

0.8679

0.3515

-0.1283
-0.0142
0.8045
0.5841

0.1946
0.0018
10.6276
2.3550

0.6591
0.9663
0.0011
0.1249

-0.0904

7.5429

0.0060

Classifications

Distance to the nearest
highway

Weather disturbance
(Ice, hurricane,
tornado, flooding)

Geographical
factors

Stand factors

AIC

Forest type

Slope

852.501

SC

P value

907.997

Note: Except four states without repeated measurement plots, newly infested plots of tallow tree
dispersed five states (AL, GA, SC, TN and TX). However, over 70% of newly infested plots
distributed in TX, so present and absent plots of tallow tree were from twice measurement
database in Texas. In the table, only significant factors were showed.
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The Relationship between the Abundance of Invasive Species and Driving Factors at the
County Level
General Conditions of the Abundance of Four Invasive Species (Chinese Privet, Kudzu,
Nepalese Browntop and Tallow Tree)
Chinese privet was one of the most widespread invasive species in southern forest lands,
and nearly three-fourths of the southern counties were infested by Chinese privet in the cover
category of trace or slight level (0<CA≤10%) (Table 3.7). Especially, Mississippi, Alabama and
Georgia in which a large number of infested counties with high abundance of Chinese privet
occurred were considered as the most extensive infestations (Figure 3.2). In contrast to Chinese
privet, other invasive species had their own cluster with high abundance.
The number of infested counties by Nepalese browntop was almost 30% less than that of
Chinese privet (Table 3.7). Meanwhile, Nepalese browntop was mainly clustered in some
northern areas, particularly in Tennessee (Figure 3.2).
Oppositely, for the tallow tree, the infested areas with high abundance were distributed in
southeast Texas along the Gulf Coast (Figure 3.2). In addition, the infested areas of the tallow
tree decreased by more than 50%, compared with that of Chinese privet (74.48%) (Table 3.7).
In contrast with invasive species mentioned above, kudzu was the least dangerous
invader because less than 10% of southern counties were invaded by kudzu and the infested areas
of high abundance were defined in Alabama and northern Mississippi (Tables 3.7 and Figure 3.2).
Significant Driving Factors Related to the Abundance of Chinese Privet, Kudzu, Nepalese
Browntop and Tallow Tree
First, disturbances played an important role in the abundance of invasive species (Table
3.8). For kudzu, the hot spots where high abundance clusters had more chances to be found in the
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edge of forests where ecological balance has been damaged by human and animal activities. The
significant clusters of tallow tree or Chinese privet were positively related to road density. The
proportion of forest lands per county had a negative relationship with Chinese privet. Meanwhile,
the negative relationship also existed between river density and Nepalese browntop.
Second, geographical factors had significant impact on the abundance of invasive species.
The proportions of oak forests per county mentioned in Table 3.8 showed the positive association
with the abundance of Chinese privet. Moreover, the negative relationship existed between the
abundance of tallow tree and the proportion of longleaf / slash pine or loblolly / shortleaf pine
forest in the Gulf Coast Plain. Although kudzu was rare in southern forest lands, the relatively
high density of kudzu was more likely to be found in oak / pine forest.

Table 3.7

The cover area proportion of four invasive species in southern forest lands at the
county level

Invasive species
Chinese privet
Nepalese browntop
Tallow tree
Kudzu

Non-infested
25.52%
62.46%
80.20%
88.67%

Trace (<1%)
39.80%
21.08%
15.96%
9.26%

Slight (1-10%)
33.69%
16.16%
3.15%
2.07%

Medium (11-50%)
0.99%
0.30%
0.69%
0.00%

Chinese privet

Figure 3.2

The distribution of the cover area proportion of Chinese privet, kudzu, Nepalese
browntop and tallow tree in twelve southern states
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Nepalese browntop

Tallow tree

Kudzu

Figure 3.2 (continued)
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0.0569

z value
2.5181

Coefficient
0.0003

Note: Only significant factors are listed in the table.

The proportion of oak
forest per county

The proportion of oak /
pine per county

-3.2747

-1.9045

p value

-0.0269

-2.4099

z value

The proportion of
loblolly / shortleaf pine
per county

0.0044

<0.0001

0.0008

Coefficient

-3.9060

2.8456

-5.7506

3.3528

p value

Tallow tree

-0.0517

0.0467

-0.0777

0.0010

z value

Nepalese browntop

The proportion of
longleaf / slash pine per
county

The proportion of forest
per county

River density

The proportion of edge
per county

Road density

Coefficient

Chinese privet

0.0011

<0.0001

0.1179

p value

0.0203

0.0151

Coefficient

2.3640

2.9976

z value

Kudzu

0.0181

0.0027

p value

The relationship between the cover area proportion of four invasive species and driving factors in southern forest lands at the
county level

Variables

Table 3.8

Discussion
As we stated before, for any invasive species, an invasive process includes four
interrelated spatio-temporal stages: introduction, colonization, establishment and landscape
spread (Theoharides and Dukes 2008). In different stages, there are different major control factors
which limit invasive species establishment and distribution. Effective control or mitigation of
invasion depends on precise information of their distributions and spread mechanism.
In this part, we will combine the biological characters and non-biological factors to
explain the invasion process of four invasive species and discuss the main difference during their
invasion.
Kudzu
Our result shows that disturbances have great influence on the spread of kudzu. The
reason could be concluded as following:
Kudzu has scattered in eight southern states after kudzu were widely planted along the
roads by governments in the 1930s. The low density of kudzu only survived in the understory
plant community of native species, but the perturbation in the forest edges provide competitive
advantages of kudzu over native species. More and more human damage led to large number
death of native species and created lots of "opening" since environmental conditions such as
available light, soil moisture, species composition and humidity have been largely changed. It
could be reasonable to explain why proportion of edge is positive related to the abundance of
kudzu (Table 3.8).
Meanwhile, Kudzu rarely produces seeds and is mainly elongated by vine growth and
rhizomes. Compare with asexual propagation, the movement of seeds by birds can more easily
reach further destination. Therefore, the influence from the neighbors of formerly infested plots is
61

an important driving factor for the extension of kudzu. This is also consistent with our result: in
the plot level of kudzu, distance to the nearest already infested plot is negative to invasive range,
but the significance is not as large as other species.
In addition, the positive relationship between the abundance of kudzu and the proportion
of oak / pine forest indicates that the spread of kudzu is limited by temperature since oak / pine
forest mainly distribute in northern forests. Until now, kudzu still stays in early colonization stage
and only several counties have been infested. Resource managers should take advantage of the
optimal period to reduce and even eradicate kudzu by using chemical or biological methods in
these infested counties, especially dominated by oak / pine forests.
Tallow tree
The major range of the tallow trees is dominated by coastal flat terrain where seeds can
be easily dispersed by birds or carried by rivers, streams and storm water runoff to new
destinations and encounter the least barriers. This may partly explain why the tallow trees are so
prevalent in the coastal flatwoods and bottomlands and spread faster along the Gulf Coast than in
other directions. After seeds enter new destinations, the tallow trees germinate and grow well in a
suite of soils including sandy, clay, well-drained, poorly-drained, intermittently flooded and
slightly saline soils (Scheld and Cowles. 1981, Cameron and Spencer. 1989, Conner 1994). They
often outcompete other native species like loblolly pine (Pinus taeda) and water oak (Quercus
nigra) by its rapid height growth, which enable them to effectively control the environment
following disturbances and result in a strong clustering pattern (Bruce 1993). The widespread
distribution of the tallow trees in humid bottomlands along the Gulf Coast where oak-gumcypress forests dominate and its aggressive invading ability (clustering patterns) to surrounding
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areas make it virtually impossible to eradicate the tallow trees from these forest types or
ecosystems.
Chinese privet
The prevalent distribution of Chinese privet depends on its aggressive characteristics. Its
rapid maturity and prolific reproduction can provide abundant seed resources in the short time,
then these seeds can be dispersed by human or other animals to remote destinations. These facts
match that roads, cities or airports were usually regarded as a surrogate for human-caused
disturbances (Table 3.8). Meanwhile, the distance and density can best reflect the condition of
transportation.
Besides shade tolerance, the strong tolerance of air pollution and other stressful
environmental conditions help it survive and extend its infested areas. Chinese privet tends to
form its dense thickets in open fields or the understory of forests where it will push other native
species to extinction and then displace native vegetation (Miller 2003, Taylor et al. 1996).
Therefore, Chinese privet could be found in major forest types and enable us to explain why all
major forest types in geographical factor are positive related to Chinese privet's invasion (Table
3.3).
Nepalese browntop
Nepalese browntop can be detected in eight southern states, and chiefly aggregate in
Tennessee. It prefers to alluvial floodplains along major river and stream where its seeds can float
on surface runoff to long-distanced river banks or other moist areas. However, our result
indicated that river density has negative relationship with Nepalese browntop's invasion (Table
3.8). The reasons probably were the restriction of study area, or calculation methods of river
density, or others. Furthermore, the similar prolific reproduction and shaded tolerance with
63

Chinese privet lead to the widespread distribution of Nepalese browntop in most of forest types
(Table 3.4).
In summary, the results at the plot level and county level undoubtedly displayed that
disturbances had positive or negative influences on the spread of invasive species, depending on
species of interest. Geographical factors are highly positively correlated with the abundance of
invasive species which has prolific reproduction and shaded tolerance characters.

Conclusions
Four invasive species were accidentally or intentionally introduced into America from
their native range. Intentional introduction occurred for forage, fiber, ornamentals (Chinese
privet), food, fuel (tallow tree), medicinal purposes, timber and erosion controls (Kudzu),
whereas accidental introduction occurs as a hidden way such as the Nepalese browntop's seed in
the packed materials. Besides historical reasons, geospatial models at the plot and county level
show that human-related disturbances are the major driving factors of the invasion in southern
forest lands and they interact with forest types and stand conditions to stimulate or weaken the
spread of invasive species. Highways, cities and airports are usually regarded as a surrogate of
human-caused disturbances. There are more chances to obtain the seeds of invasive species if it is
closer to highways, cities or airports. Additionally, the short or long-distance transmission of their
seeds can be determined by water, bird or wind, so preventing the transmission of seeds may be
one of the most effective methods to control the spread of invasive species. Meanwhile, it is more
likely to detect the invasive species in forest edges or private forest where the original balance
was damaged by human activities. Therefore, it is essential to closely monitor the forest edges
and private forest, and also the neighboring highways or cities.

64

Forest type and stand conditions are significantly related to the existence and abundance
of invasive species. It is obvious that the suitable habits for the growth of invasive species are the
areas with high resource availability, moisture and more growing space availability since invasive
species can absorb enough nutrients and water for germination and growth and are more likely to
enlarge their numbers in unoccupied area.
The distribution of forest type reflects geographic conditions. Chinese privet is prevalent
in southern forestlands, so it can be observed in most of forest types, especially oak forests
(native species). Tallow tree aggregates in the Gulf Coast Plain where Oak / gum / cypress forests
dominate. Kudzu is mainly distributed in central or northern forestlands where oak / pine forests
dominate.
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APPENDIX A
GENERAL CONDITIONS OF THORTY-THREE INVASIVE SPECIES IN SOUTHERN
FOREST LANDS
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Growth
form
Trees

Shrubs

Vines

Common names

Scientific names

Distribution range

Tree of heaven

Ailanthus altissima

AL, AR, FL, GA, KY, MS,
NC, SC, TN, TX, VI

Mimosa

Albizia julibrissin

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Princesstree

Paulownia tomentosa

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, VI

Chinaberrytree

Melia azedarach

Tallow tree

Triadica sebifera

AL, AR, FL, GA, LA, MS,
NC, SC, TN, TX, VI
AL, AR, FL, GA, LA, MS,
NC, SC, TX

Russian olive

Elaeagnus angustifolia

AL, AR, FL, GA, KY, LA ,
TN

Thorny olive

Elaeagnus pungens

FL, GA, LA, MS, SC, TN,

Autumn olive

Elaeagnus umbellate

AR, GA, KY, LA, MS, SC,
TN, VI

Winged burning bush

Euonymus alata

KY, LA, MS, NC, SC, TN,
VI

Chinese privet

Ligustrum sinense Lour.

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Japanese glossy privet

Ligustrum japonicum Thunb

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Bush honeysuckles

Lonicera spp.

AL, AR, GA, KY, LA, MS,
NC, SC, TN, TX, VI

Scared bamboo

Nandina domestica

AL, AR, FL, GA, LA, MS,
NC, SC, TN, TX,

Multiflora rose

Rosa multiflora

Oriental bittersweet

Celastrus orbiculatus

AL, AR, GA, KY, LA, MS,
NC, SC, TN, TX, VI
GA, KY, LA, MS, NC, VI

Climbing yams

Dioscorea spp.

AL, AR, FL, GA, KY, MS,
NC, SC, TN, TX

Winter creeper

Euonymus fortunei

AR, KY, NC, TN, VI

English ivy

Hedera helix

AL, AR, FL, GA, MS, NC,
SC, TN, TX, VI

Japanese honeysuckle

Lonicera japonica

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Kudzu

Pueraria montana

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI
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Growth
form

Common names

Scientific names

Distribution range

Vines

Nonnative vincas,
Periwinkles

Vinca minor L.

AL, AR, GA, KY, MS, NC,
SC, TN, VI

Chinese wisterias

Wisteria sinensis (Sims) DC.

AL , FL, GA, KY, LA, MS,
NC, SC, TN, TX, VI

Giant reed

Arundo donax

AL, TX, VI

Tall fescue

Lolium arundinaceum

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Cogongrass

Imperata cylindrical

AL, AR, FL, MS

Nepalese browntop

Microstegium vimineum

AL, FL, GA, KY, LA, MS,
NC, SC, TN, VI

Chinese silvergrass

Miscanthus sinensis

GA, KY, MS, NC VI

Grasses

Nonnative bamboo
Forbs

AL, AR, FL, KY, LA, MS,
NC, SC, TN, TX, VI

Japanese climbing fern

Lygodium japonicum

AL, AR, FL, GA, LA, MS,
SC, TX

Garlic mustard

Alliaria petiolata

KY, MS, NC, TN, VI

Shrubby lespedeza

Lespedeza bicolor Turcz

AL, AR, FL, GA, KY, , MS,
NC, SC, TN, TX, VI

Chinese lespedeza

Lespedeza cuneata

AL, AR, FL, GA, KY, LA,
MS, NC, SC, TN, TX, VI

Tropical soda apple

Solanum viarum

AL, FL, GA, , MS, SC, TX
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APPENDIX B
FIFTEEN FOREST TYPES IN SOUTHERN FOREST LANDS FROM FIA DATABASE
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Forest type

Code

Forest type

Code

White / red / jack pine group

100

Spruce / fir group

120

Longleaf / slash pine group

140

Loblolly / shortleaf pine group

160

Pinyon / juniper group

180

Exotic softwoods group

380

Oak / pine group

400

Oak / hickory group

500

Oak / gum / cypress group

600

Elm / ash / cottonwood group

700

Maple / beech / birch group

800

Aspen / birch group

900

Other western hardwoods group

950

Tropical hardwoods group

980

Exotic hardwoods group

990

Nonstocked

999
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APPENDIX C
THE DESCRIPTION OF DAMAGES IN SOUTEHRN FOREST LANDS IN THE FIA
DATABASE
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Types of Damage

Descriptions

Insect damage

Insect damage to understory vegetation, seedling, sapling and trees.

Disease damage

Disease damage to understory vegetation, seedling, sapling and
trees.

Fire damage

Natural or prescribed fire from crown and ground.

Animal damage

Beaver, porcupine, deer, ungulate, bear, rabbit, domestic animal or
livestock

weather damage

Ice, hurricane, tornado, flooding

human-caused
treatments

Site preparation including cutting, clearing, slash burning, chopping,
disking, bedding or other practices to prepare a site for natural or
artificial regeneration.
Artificial regeneration: planting or direct seeding to keep at least
50% live trees of any size in a stand.
Other silvicultural treatment: the use of fertilizers, herbicides,
girdling, pruning, or other activities to improve product of
commercial forests.
Any other significant threshold of human-caused damage.
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